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Abstract 
Solar cells made of silicon based on upgraded metallurgical routes (umg-Si) are becoming a real option to the 
standard polysilicon-based multicrystalline (mc-Si) devices. A lot of research at wafer and cell level has been carried 
out so far. However, there is little experience in real operation conditions of PV modules based-on umg-Si feedstock 
and few of these studies have been published up to present. 
This work presents a comparative study between typical mc-Si and umg-Si modules, manufactured following exactly 
the same wafer-to-module procedure and evaluated in real outdoor conditions. The results after eight months of 
exposition to outdoor conditions show a very close energy production for both types of modules. Due to their lower 
cost and similar performance, modules made from umg silicon feedstock are a more economic option and could play 
an important part in the photovoltaic market. 
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1. Introduction 
The PV industry is experiencing a big market growth. There is also an increased pressure for further 
cost reductions. One of the alternatives is the use of silicon feedstock obtained from the umg route. 
However, the potential advantage of low-cost feedstock use can be vanished if cell efficiency is critically 
reduced [1]. In addition, the umg route to solar silicon entails a number of difficulties that need to be 
carefully controlled [2]. Especially disadvantageous is the diode breakdown behavior, which is most 
likely due to the high doping level existing in umg-Si materials [3]. In any case, at present time, 
manufacturers are definitely launching PV modules based on cells made from umg-Si wafers, and several 
industrial projects are following this trend.  
The aim of this work is to compare mc-Si modules based on typical solar grade polysilicon and umg-Si 
feedstock made by the same manufacturer in a long-time outdoor testing. Very scarce literature can be 
found addressing this topic [4]. 
Two modules, one composed of standard polysilicon cells and the other made of umg silicon cells were 
placed side by side for long-term outdoor testing in real sun conditions. Detailed monitoring through I-V 
and P-V curves acquired each two minutes for both modules allows us to get an in-depth knowledge about 
modules performance in all kind of operation conditions. 
2. Experimental method. 
Mc-Si ingots were grown in directional solidification furnaces from both solar grade polysilicon and 
umg-Si (CS-Si©, Silicio Ferrosolar-Ferroatlantica Group). The resulting silicon bricks were sliced into 
156x156 cm2 wafers. Resistivity values were in the range of 1,5-1,7 ohm-cm and 0,7-1,0 ohm-cm, for 
polysilicon and umg-Si materials, respectively. Subsequently, they were transformed into two typical 
busbars H-patterned solar cells. In order to test the natural behavior of the devices, no intentional 
degradation was performed. The modules were assembled using exactly the same procedure and cells 
used the same binning methods, based on 3x20 cell strings coupled with a 3-diode junction box, to enable 
comparison of the most common module configuration. Both the cells and modules were manufactured at 
Instalaciones Pevafersa, S.L. using exactly the same procedure, based on 3x20 cell strings coupled with a 
3-diode junction box (ca. 225 W, measured at STC conditions, rated 220W). 
Table 1. Parameters of modules obtained from flash report at factory. 
Module type Voc (V) Isc (A) Pmp (W) Rshunt (  
Standard 36.81 8.09 225.0 139.8 
UMG 37.17 8.08 226.0 48.7 
 
A test bench consisting of a mechanical structure which faces modules towards the south with a 30º 
inclination is being used. The testing venue is located at 40º22’N,5º45’W, altitude 1015m. Both I-V and 
P-V curves are obtained by means of an electronic load (BK Precision 8510). The load collects twenty 
samples for each curve in a sweep time of twenty seconds. The modules and the electronic load are 
sequentially connected using a relay box, so that individual curves can be obtained every two minutes. 
This system allows for one electronic load to be shared by several modules. Additionally, environment 
conditions are monitored by a custom made weather station able to measure both horizontal and in-plane 
of array irradiances, with Kipp&Zonen CMP11 and SPLite redundant pyranometers, besides wind 
variables (speed, direction, etc.) and modules temperature. All these variables are systematically 
measured every five seconds. The modules stay in open circuit condition between measurements. 
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3. Results 
After eight months of testing in outdoor conditions, there is valid data for more than 750kWh/m2 of 
irradiation. The modules appearance trough visual inspection and thermal imager test shows neither aging 
nor hot spots formation. The results presented here are divided in two categories: performance on any 
given day and energy production 
3.1. Daily performance. 
We will start by showing the modules performance on a typical summer day. In the example of figure 
2, one can observe the irradiance in plane of array, modules and ambient temperature, maximum power 
(Pmax) and short circuit current of the modules. At first sight, a close behavior between both types of 
modules is evidenced. At noon, the short circuit current is slightly over its value at standard test 
conditions, due to the high temperatures, and for the same reason the maximum power decreases to 0.8 
times the nominal value despite the irradiance being near 1000W/m2. The performance of the modules is 
dominated by the large variation with temperature of open circuit voltage and fill factor (FF), accounting 
for most of the power loss. The overall behavior is very similar, with the only difference of the open 
circuit voltage being a bit higher for the umg module. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Daily evolution of maximum power (c), short circuit current Isc (d). Irradiance (a), ambient and modules 
temperatures are also shown. 
 
For a better understanding of the modules behavior we have to take a look at parameters that will allow 
us a deeper knowledge about operation. The monitoring of the modules performance vs. different levels 
of irradiation is illustrated in figure 3. No important differences in the relative efficiency are found. The 
standard module presents a slightly higher relative efficiency at low irradiances, which is suggested to be 
due to a higher shunt resistance [5]. The use of relative efficiency is tricky to deal with because of solar 
light features such as the influence of the angle of incidence and the direct/diffuse irradiance ratio. As a 
result, one can notice large differences between clear and overcast days. On the other hand, the 
performance at low light levels is well described by the FF [6]. In general, this parameter does not entail 
as much filtering approaches as in the case of relative efficiency. Furthermore, it is more robust to 
changes in the spectrum of incident light [7]. 
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Fig. 3. Low light performance. 
3.2. Energy production 
Regarding the energy produced by the modules, figure 4 represents the daily yield from the first day of 
on-site exposition to present time (2010/08/02 to 2011/03/25). This yield or performance ratio (PR) is 
calculated as the relation between the actual energy produced according to the instantaneous maximum 
power Pmp exhibited and the final energy generated as a result of the received irradiation, considering its 
nominal (rated) peak power [8]. It can be seen that some days the yield can be even slightly higher than 1. 
This comes from the combination of low temperatures (in some cases, below 25ºC) and an improved 
response to irradiances in 300-800 W/m2 range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Energy production during the period under study. (a) Daily yield. (b) Daily irradiation. 
 
In addition, a slight difference can be noticed between both types of modules. The Umg-Si module 
shows a better behavior in summer time, whereas the standard one exhibits an improved performance in 
winter. This can be explained by the different temperature coefficients of power [9]. In any case, the 
general production is increased at days with higher temperatures than 25ºC. 
After eight months of data collection, the overall energy yield is well below 1% lower for the umg-Si 
modules (Table 2). This small difference can be considered to be inside the experimental error limits, so it 
can be concluded that both modules perform in a totally comparative way. In addition, the slight 
differences in the irradiances observed for each type of module are ascribed to sporadic data collection 
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failures at the beginning of some days. Yet, no influence in the practical behavior of the modules is 
evidenced, considering the large time of exposure at real working conditions. 
Table 2. Summary of the modules energy production. 
Module type Standard umg 
Total Irradiation received 787.9kWh/m2 ±2% 755.6 kWh/m2 ±2% 
Ideal Production 177.3kWh ±2% 170.0kWh ±2% 
Real Production 160kWh ±2% 153.2kWh ±2% 
Global Yield 90.25% ±4% 90.10% ±4% 
4. Discussion. 
From the results explained above, is it clear that despite the presumed drawbacks of the umg-Si 
feedstock, the resulting modules are fully competitive with standard polysilicon-based devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Efficiency matrixes for Standard (left) and UMG (right) modules. 
 
In particular, at both low irradiances and temperatures, the standard module shows an enhanced 
performance, being its efficiency slightly above 14%, the modules efficiency at STC (fig. 5). On the 
contrary, at high temperatures and high irradiances, the umg-Si module performs better. This can be 
ascribed to the different temperature coefficients, which probably arise from the lower resistivity (higher 
doping level) of umg-Si [9]. 
Even though the light induced degradation has not been studied in this work, there are no signs of its 
negative effect for the umg-Si sample in comparison to the standard, in line with previous works [10]. 
The particular behavior of umg-Si module over time is better explained by the more favorable 
temperature coefficients [9] [11], leading to an improved performance in summer time (beginning of the 
study); such a trend is not so followed in winter. 
The fact that modules remain in open circuit conditions between measurements can, to a certain extent, 
influence the energy yield calculations, as reported in [8]. However, the effect is exactly the same for both 
modules, because of their nearly equal efficiencies. Thus, the relative behavior, at real operation 
conditions, can be considered as perfectly comparable. Particularly, the expected impact on module 
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ageing due to the open condition operation is related to a lower degradation of the maximum power, as 
recently reported by Skoczek et al [12]. 
5. Conclusions. 
A deep and detailed outdoor monitoring of two photovoltaic modules based on both umg-Si and 
classical polysilicon feedstock, respectively, is being monitored at real operation conditions. After nearly 
eight months of study, the results indicate an absolutely comparable behavior with respect to standard 
polysilicon-based devices. The work entails the collection of a large amount of electrical parameters, at 
real time, using an innovative way of control based on well-known loads connected to the modules. 
Nowadays, research is still in progress, in order to complete a long-term study that can prove the 
reliability of modules based on umg-Si materials, very scarcely performed so far. A deeper statistical 
control will be projected according to the lessons learned from this systematic study, based on the control 
of a larger series of modules using different photovoltaic technologies. 
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